decreased the viable cell number of the mutant further, and the mutant had a slightly higher spontaneous mutation frequency than the wild type in the high-O 2 conditions. Iron starvation conditions, which resulted in fourfold-reduced superoxide dismutase levels, were also highly detrimental to the viability of the protective protein mutants, but these conditions did not affect the viability of the wild-type strain. Nitrogenase or other powerful reductants associated with N 2 fixation may be sources of damaging partially reduced oxygen species, and the production of such species are perhaps minimized by the Shethna protein.
Whereas O 2 can cause irreversible damage to nitrogenase both in vitro and in vivo, for most nitrogen fixing organisms controlled levels of O 2 have beneficial effects on whole-cell N 2 fixation. As the terminal acceptor for aerobic respiration, O 2 stimulates oxidative phosphorylation, thus providing the ATP supply to fuel both nitrogenase activity and its synthesis (see reference 3). The optimum oxygen concentration for maximal N 2 fixation rates varies widely among N 2 -fixing organisms, with some showing considerably more O 2 tolerance than others (see reference 4). In vivo, nitrogenase is not only a potential target for inactivation by O 2 but may also be a source of O 2 -derived radicals that can further the cellular O 2 -related damage (3) . For example, under certain oxygen conditions, the iron-protein of nitrogenase can reduce O 2 in a reaction that produces either H 2 O 2 or O 2 Ϫ as an intermediate (16) . Many powerful reductants associated with nitrogen fixation, such as flavodoxin, ferredoxin, and nitrogenase, or (in root nodules) leghemoglobin-related products, have been proposed to be likely generators of superoxide, hydrogen peroxide, or hydroxy radicals; all produced from reactions due to the partial reduction of oxygen (3) . Other common iron-sulfur enzymes may be major sources of superoxide production by bacterial cells in vivo (5, 14) .
Azotobacter spp. have a very high respiratory rate, and their ability to fix N 2 in O 2 tensions at and above air saturation levels has intrigued researchers for many years (3, 12) . One mechanism Azotobacter species use to protect nitrogenase from O 2 damage is termed conformational protection (12) and involves the association of an FeSII protein with nitrogenase during periods of oxygen stress (9, 11, 13) . In this state, the nitrogenase component proteins are in an inactive but protected state capable of reconversion to the catalytically active state when the redox environment becomes favorable for nitrogenase function (11) . The spectral and physical properties of FeSII (also known as the Shethna protein) of Azotobacter vinelandii has been well characterized, and the protein has been crystallized (8) . It contains two [2Fe-2S] clusters that undergo oxidation-reduction, and it is presumed that this redox-active nature of the protein mediates its interactions with nitrogenase (8, 13) . Specific amino acid residues important in the function, including in presumably recognizing the nitrogenase component proteins, have recently been proposed based on analysis of site-directed mutations within the FeSII protein (6) . Initially, the phenotype of the mutant strains was indistinguishable from that of the wild type, but this was attributed to the high respiratory rate (and consequent O 2 removal during growth on an excellent carbon [sucrose] substrate [9] ). The nitrogenase component proteins in A. vinelandii strains containing a deletion at the feSII locus exhibited a hypersensitivity to O 2 -mediated inactivation during conditions of carbon substrate starvation; upon nutrient deprivation, both the MoFe and Fe proteins of nitrogenase were degraded much more rapidly in an FeSII deletion strain than in the wild-type strain (9) . Such carbon starvation conditions negate respiratory protection so that only conformational protection operates. In the course of studying the FeSII mutants, we noticed a loss of viability in the feSII deletion mutants, as nitrogen-fixing cultures entered stationary phase at the time of carbon starvation. We have now characterized this behavior and show that this cytotoxic effect is related to the presence of the nitrogenase components, oxygen, and the FeSII protein.
The growth behavior of A. vinelandii cultures was monitored by measuring both the culture optical density at 600 nm (OD 600 ) and viable cell numbers based on plate counts. Strains CA (wild type) and ⌬fesII:KIXXI were described previously (9) . All the results shown here that indicate use of an FeSII Ϫ strain are with ⌬fesII:KIXX, but some experiments done with ⌬fesII:KIXX4 (9) gave similar results. During growth in N-free Burks medium with 10 mM sucrose, the exponential growth rate of the wild type and the FeSII deletion mutant were essentially indistinguishable (9) . In this low-carbon medium, the viable cell count for both strains began to level off at 1.6 ϫ 10 8 to 1.9 ϫ 10 8 cells per ml. By closely monitoring cell growth as reflected by the OD at 30-min intervals (data not shown), the transition point for cessation of exponential growth to the start of stationary phase could be reproducibly identified, and that point is referred to as the t ϭ 0 point. At that same point, viable cell numbers were determined by plate counts for the cultures under the various conditions. The t ϭ 0 point is deemed the 100% viability level for ease of data interpretation. As can be seen for the experiment shown in Table 1 , the viable cell counts of a nitrogen-fixing culture of the wild type increased slowly after the t ϭ 0 point, but the viable cell counts for the FeSII mutant in 20% O 2 had decreased, to 72% of the t ϭ 0 level after 4.5 h. Due to the number of replicates performed, the value for the mutant even at the 1.5 h point is statistically significantly less than that for the wild type (see Table 1 footnote). This loss of cell viability after the t ϭ 0 point is related to the nitrogen-fixing status of the cells; non-nitrogen-fixing cells of either the wild-type or the mutant strain (grown in ammonium-supplemented medium) showed no loss of viability (Table 1 ) upon cessation of exponential growth.
The loss of cell viability seen in the FeSII deletion strain was also dependent on the level of oxygen. When the O 2 concentration was increased to 40% at t ϭ 0 and the flasks were stoppered, the viability of both the wild type and the FeSII mutant were adversely affected; however, the FeSII strain was more sensitive to oxygen-mediated killing (Table 1) ; at 4.5 h it had only 39% of the viable cell number compared to the t ϭ 0 point. We have consistently observed that upon carbon substrate depletion, where respiratory protection is inoperable (9), the FeSII strains lose viability. This viability loss is clearly related to nitrogen fixation as ammonium-grown cells (Table  1) are not adversely affected by oxygen, even by the supraatmospheric O 2 treatment. Neither the wild type nor the mutant were affected by the exposure to the 40% O 2 level when cells were grown in ammonium medium.
In another experiment, the effect of anaerobic incubation at t ϭ 0 was studied to see if the viability loss of the FeSII strain was indeed due to oxygen exposure. At the t ϭ 0 point the cultures of the wild type and an FeSII strain were stoppered and flushed with 100% argon and then the flasks were returned to the shaker (see Table 2 footnote). To exclude oxygen as much as possible, cell sampling at the 1.5-h time intervals and dilution for plating was also done under conditions to exclude oxygen. This required the use of serum stopper-sealed tubes, argon-sparged dilution media, and syringes for transfer of cells. It may be important that the dilution media contained sucrose in addition to ammonium (see Table 2 footnote) so that respiratory protection could begin to operate soon after samples were removed from the flasks. Indeed, we found that respiratory rates (as assayed by O 2 electrode) resumed normal levels within 2 min upon placing the Ar-incubated C-starved cells into the carbon-containing dilution medium. The cell viability results for the wild type and the mutant strain were then compared to the normal aerobic condition, like the conditions that had been used for the Table 1 results. The viable cell counts for argon-incubated cultures of both the wild type or the deletion mutant were less than for the same time points corresponding to aerobically incubated wild type but, more importantly, the argon-treated mutant was similar to the wild type in its viability in argon. Considering the adverse affect of anaerobiosis alone on the wild type, the results indicate the O 2 -dependent killing affect on the FeSII mutant upon carbon starvation is indeed due to oxygen and not to some other factor. In addition to the viability results shown (Tables 1 and  2 ), we have determined that the spontaneous mutation rate (to rifampin resistance) is two-to threefold greater in the FeSII mutant strain than the wild type when cells are shifted to 40% partial pressure O 2 at the t ϭ 0 time point (and plated on rifampin-containing media [25 g/ml] at the 3-h time point). In a typical experiment the number of Rif r mutants per 10 8 cells (mean Ϯ the standard deviation for five replicate samples) was 2.6 Ϯ 0.3 for the wild type and 6.4 Ϯ 0.3 for the mutant strain.
The FeSII protein does not have superoxide dismutase or catalase activities (F. Moshiri and R. J. Maier, unpublished), so that direct detoxification of partially reduced oxygen species was ruled out as a mechanism for O 2 detoxification by the FeSII protein. Nevertheless, we considered the possibility that the viability loss in the FeSII strain could be related to superoxide levels in the cell (perhaps generated by exposure of nitrogenase to oxygen [see above]). If this were true the viability loss associated with the FeSII deletion mutation would be more pronounced if the A. vinelandii superoxide dismutase (SOD) levels could be reduced. SOD levels in Escherichia coli a Sidearm flasks with media as described in Table 1 footnote were removed when cells reached an OD 585 of 0.60 (t ϭ 0), and one set of flasks was tightly stoppered and flushed with argon for 5 min by use of inflow and outflow needles through the stopper. The four flasks were returned to the shaker, and samples taken for determination of viable cell number at 1.5, 3, and 4.5 h after t ϭ 0. Dilutions were done to minimize O 2 exposure (use of argon-flushed dilution media and Ar-sparged stoppered tubes), and 5 mM sucrose was included in the Burk (plus N) dilution medium. According to the Student's t distribution test, data for the argon-incubated samples of both strains were significantly less than for the O 2 -incubated samples of the wild type at ␣Ј ϭ 0.01 (99% confidence level) for the 3-and 4.5-h samples. In comparing the wild type (WT) and the mutant in 20% O 2 , the mutant results are statistically significantly less than those for the wild type at ␣Ј ϭ 0.01 for the 3-and 4.5-h time points.
are subject to regulatory mechanisms that are in turn regulated by iron levels supplied to the cells (10, 15, 17) . We therefore attempted to produce variable SOD levels in A. vinelandii by varying the iron supply, to perhaps correlate the viability loss with SOD levels. SOD levels were determined essentially as described by McCord and Fridovitch (7), by monitoring cytochrome c reduction by determining the absorbance at 550 nm over a 3-to 4-min period on a Perkin-Elmer model 557 dualbeam spectrophotometer. One unit of activity is the amount required to inhibit the rate of reduction of cytochrome c by 50%, in our case to a rate of 0.013 units per min; all conditions were as described previously (7) except that 0.02 mM cytochrome c was used. Also, the sample size was 1.5 ml in a quartz semimicro quartz cuvette (10-mm pathlength). Xanthine (grade sigmaultra) and cytochrome c (type VI, horse heart) were from Sigma Chemical Co.
As the iron level was decreased in the N-free medium, the SOD activity of cell extracts also decreased for both strains (Table 3 ). There was a correlation in loss of subsequent viable cell number with lowered SOD levels for the FeSII Ϫ strain; in the two iron levels at which the SOD levels were Ͻ20% of the other iron-supplemented levels, the viable cell number (at t ϭ 4.5 h) was about one-half of that in the other iron supplement regimes. Still, the conditions consisting of the highest iron supplement, i.e., the 3.0-mg/ml level (and the highest SOD level) did not confer complete protection from killing; 68% of the t ϭ 0 cell number was obtained at 4.5 h. At the highest iron supplementation the mutant still had only about one-half of the viable cell number achieved by the wild type at t ϭ 4.5 h. The wild-type viability was essentially unaffected by iron starvation and therefore by the low SOD activities. The results are interesting in that they correlate the loss of viability with loss of SOD activity for the FeSII Ϫ strain, but further studies are needed to firmly conclude that the killing effect by O 2 , when cells lack the Shethna protein, is due to nitrogen fixationgenerated toxic oxygen species. Also, the iron deprivation affect may be especially complex, as the many regulators of antioxidant activities (see reference 14) may themselves by subject to iron level-dependent regulation. The results shown here are strictly correlative. Considering that nitrogenase can account for ca. 10% of the total Azotobacter cell protein (1) and therefore represent a significant source of iron-sulfur clusters for O 2 -dependent oxidation, the damaging O 2 -derived partially reduced species may accumulate to toxic levels. A by-product of iron-sulfur cluster damage is that large amounts of iron may be released, furthering the cell damage by causing (in conjunction with H 2 O 2 ) oxidation of DNA (see reference 14) . A number of redox titration experiments performed using redox mediators and various O 2 levels have demonstrated that both the MoFe and Fe proteins of nitrogenase can exist in a number of reduced, oxidized, or intermediate redox states (18) . It is likely that in the initial formation of the oxygen stable complex, the FeSII protein by virtue of its intermediate redox potential (8) , can act as a redox mediator between the MoFe and Fe protein and O 2 , maintaining the components in a stable oxidized state. In the absence of the FeSII protein, however, oxidation of the nitrogenase components rapidly proceeds to an irreversibly oxidized, inactive state, and toxic O 2 -derived products may be generated as a consequence. In its role of preventing O 2 from inactivating nitrogenase, another role of the Shethna protein may be to prevent the generation of oxygen-derived radicals which would have more severe cytotoxic affects than the cessation of N 2 fixation. Perhaps Azotobacter sp. has other mechanisms in place in order to adapt to the extra stress that is a result of possessing the oxygen sensitive N 2 fixation machinery. For example, it is interesting to note that SOD levels were reported to be twofold greater in Azotobacter cells while fixing N 2 compared to levels determined for NH 4 ϩ -grown cells (2). a The medium was Burk containing 10 mM sucrose (without iron) and was supplemented with FeCl 3 to the iron level indicated. Dilutions were done in Burk plus N (see text). For SOD activities, cells were harvested and then washed in ice-cold 50 mM HEPES buffer (pH 7.4), and cell extracts were prepared by French pressure cell lysis as described previously (8) . Samples (25 l) containing between 5 to 6.5 mg of protein per ml were added to cuvettes containing 1.5 ml of 0.05 M potassium phosphate (pH 7.8) with all of the other ingredients as indicated previously (7), and 6 l of xanthine oxidase (Sigma grade IV) was added to start the assay. The viable cell numbers for the two lowest iron supplements are significantly lower than the values for the other iron levels at ␣Ј ϭ 0.01 (Student's t test analysis) for the FeSII Ϫ strain. Results are mean Ϯ the standard deviation for five replicate plates (viable cell number data) or three replicate assays (SOD activities).
